Telomerase, an enzyme essential for the synthesis and maintenance of telomeric DNA and the long-term stability of the genome, is developmentally regulated in plants. Telomerase activity is abundant in reproductive organs but low or undetectable in vegetative organs. Treatment with exogenous auxin, however, overrides this developmental control and induces telomerase in mature leaves. The Arabidopsis thaliana transcription factor TELOMERASE ACTIVATOR1 (TAC1) potentiates some responses to auxin, including the induction of telomerase activity in leaves. Here, we report that BT2, a protein with BTB, TAZ, and calmodulin binding domains, is an essential component of the TAC1-mediated telomerase activation pathway. Steady state concentration of BT2 mRNA increases in response to TAC1 expression, and TAC1 specifically binds the BT2 promoter both in vitro and in yeast one-hybrid assays. Constitutive expression of BT2 induces telomerase activity in leaves, whereas a null mutation of BT2 blocks TAC1-mediated telomerase induction, indicating that BT2 acts downstream of TAC1 to regulate telomerase activity in mature vegetative organs.
INTRODUCTION
Telomerase, the reverse transcriptase complex that synthesizes and maintains telomeric DNA repeats at the ends of chromosomes, is tightly regulated in plants. Telomerase activity is undetectable in most vegetative tissues, but it is induced upon transition from the vegetative phase of growth to the reproductive phase (Fitzgerald et al., 1996; Heller et al., 1996; Kilian et al., 1998; Riha et al., 1998 ; for review, see McKnight and Shippen, 2004) . Although telomerase is a complex holoenzyme with multiple subunits, activity in Arabidopsis thaliana correlates closely with mRNA levels for telomerase reverse transcriptase (ATTERT), the catalytic subunit (Fitzgerald et al., 1999) . A T-DNA disruption of ATTERT results in a loss of telomerase activity and a slow, but inexorable, shortening of telomeric DNA. After approximately five generations without telomerase, when telomeres shorten to a critical threshold, chromosomes begin to fuse (Riha et al., 2001) and initiate the chromosome breakage-fusion-bridge cycle initially described by McClintock (1939) . After two or three subsequent generations, cells in the apical meristem lose their ability to proliferate, presumably as a consequence of rampant genome rearrangements. These late-generation telomerase mutants cannot flower and remain in a persistent vegetative phase (Riha et al., 2001) .
In addition to developmental controls, the phytohormone auxin also influences telomerase expression. Exposure to exogenous auxin induces telomerase activity in leaves (Ren et al., 2004) , organs in which the activity is usually absent (Fitzgerald et al., 1996; Heller et al., 1996) . In synchronous tobacco (Nicotiana tabacum) cell cultures, telomerase activity peaks during late S-phase, the time of telomeric DNA replication (Tamura et al., 1999) . This peak of activity can be induced to higher levels and shifted to an earlier time in S-phase by adding auxin to the culture medium (Tamura et al., 1999; Yang et al., 2002) . Inhibitors of cyclin-dependent kinases required for the transition from G1-to S-phase, but not inhibitors of conventional DNA polymerases, block telomerase induction, demonstrating that the synthesis of telomeric DNA is not tightly coupled to the synthesis of bulk DNA (Tamura et al., 1999) .
To identify genes that regulate telomerase in plants, we screened activation-tagged mutants of Arabidopsis (Weigel et al., 2000) for plants that ectopically expressed telomerase in their leaves (Ren et al., 2004) . TELOMERASE ACTIVATOR1 (TAC1), a gene encoding a small zinc-finger protein belonging to the SUPERMAN-LIKE family of transcription factors (Bowman et al., 1992; Isernia et al., 2003) , is overexpressed in the activation-tagged line tac1-1D (Ren et al., 2004) . Constitutive expression of TAC1, in either tac1-1D or 35S:TAC1 transgenic plants, induces telomerase activity in leaves. This induction, however, can be blocked by reducing levels of indole acetic acid (IAA), the major endogenous auxin, with iaaL, an enzyme that conjugates free IAA to Lys (Romano et al., 1991) . Other phenotypes of TAC1-overproducing plants also suggest a link between TAC1 and the response to auxin. Callus from plants constitutively producing TAC1, but not from wild-type plants, grows luxuriously in the absence of exogenous auxin. Elongation of primary roots in TAC1-overexpressing lines is more sensitive to inhibition by exogenous auxin than is that of wild-type roots, whereas root elongation in TAC1-null mutants is less sensitive. Finally, overexpression of TAC1 exacerbates the high-auxin phenotype of the yucca mutant (Zhao et al., 2001) . Together, these results indicate that TAC1 potentiates some of the many responses to auxin, including the induction of telomerase (Ren et al., 2004) .
Auxin signaling is mediated by the well-characterized E3 ubiquitin ligase SCF TIR1 , in which the TIR1 subunit of this protein complex is a receptor for IAA (Dharmasiri et al., 2005; Kepinski and Leyser, 2005) . IAA binding to TIR1 increases the affinity of this complex for Aux/IAA proteins, which repress auxin-responsive transcription factors (ARFs) (Ulmasov et al., 1997; Tiwari et al., 2001 ). In the presence of IAA, the repressors are ubiquitinated by SCF TIR1 and subsequently degraded by 26S proteasomes, thereby releasing ARFs to affect changes in gene expression (for review, see Napier, 2005) .
Some auxin responses also involve increased calcium concentrations in the cytosol and other calcium-signaling components. For example, treatment with exogenous auxin increases cytosolic Ca 2þ concentrations in wheat protoplasts (Shishova and Lindberg, 2004) . Additionally, mutation of CAX1, which encodes a Ca 2þ transporter, alters expression of the auxin-responsive IAA28: b-glucuronidase reporter gene (Cheng et al., 2003) . Finally, the auxin-responsive protein kinase PINOID interacts with two calcium binding proteins in a calcium-dependent manner (Benjamins et al., 2003) . The presence of empirically demonstrated, calciumdependent calmodulin binding sites on small auxin upregulated RNAs from maize (Zea mays), Arabidopsis, and soybean (Glycine max) (Yang and Poovaiah, 2000) also suggests that calcium signaling is frequently involved in auxin responses.
Here, we report that TAC1 induces the expression of BT2, a gene originally identified through yeast two-hybrid interactions as a calmodulin binding protein (Du and Poovaiah, 2004) . BT2 has a BTB protein interaction domain at its N terminus, a TAZ protein interaction domain in the center, and a calcium-dependent, calmodulin binding domain at its C terminus (Du and Poovaiah, 2004) . Treatment with the calcium ionophore A23187 restores the ability of TAC1 to induce telomerase in plants with low IAA concentrations, consistent with the idea that signaling through BT2 is modulated by Ca 2þ concentrations. Results from gel-shift assays and yeast one-hybrid assays suggest that the BT2 promoter may be a direct target of the TAC1 transcription factor. Overexpression of BT2 alone is sufficient to activate telomerase in transgenic plants, and a T-DNA insertion into BT2 eliminates the ability of TAC1 to activate telomerase, confirming that BT2 is an essential component of the TAC1-telomerase pathway.
RESULTS
The TAC1-Telomerase Link Is Conserved among Angiosperms
Overexpression of TAC1 in both activation-tagged lines and 35S:TAC1 transgenic lines induces telomerase expression in mature Arabidopsis leaves (Ren et al., 2004) . Because ectopic expression of transcription factors can lead to nonphysiological responses, we transformed a 35S:TAC1 construct into tomato (Solanum lycopersicum) and rice (Oryza sativa) plants to determine whether the ability of TAC1 to induce telomerase was conserved in other angiosperms. As shown in Figure 1 , constitutive expression of TAC1 leads to telomerase expression in both tomato and rice leaves. If induction of telomerase activity were simply an artifact of TAC1 overexpression, it is unlikely that this link would have been maintained during the 150 million years since the divergence of monocots and dicots (Chaw et al., 2004) .
TAC1 Induces the Expression of BT2
Although TAC1 is a transcription factor, it does not appear to bind the ATTERT promoter in either yeast one-hybrid assays or electromobility-shift assays (data not shown). To determine how TAC1 influences telomerase expression, we used firstgeneration Affymetrix microarrays with probes for 8300 genes in a preliminary test to compare the transcriptional profiles of leaves from the tac1-1D activation-tagged line and the wild type. BT2 was one of the most highly overexpressed genes in the TAC1-overexpressing line, and the BT2 promoter possessed a potential binding site for plant zinc finger proteins (see below). We repeated transcriptional profiling of the tac1-1D mutant with full-genome microarrays (ATH1; Affymetrix), which confirmed that BT2 transcripts were increased compared with the wild type.
RNA gel blot analysis confirmed that BT2 expression was increased in the tac1-1D activation line in all organs examined ( Figure 2A ). BT2 expression was also increased in other TAC1-overexpressing lines, including tac1-2D ( Figure 2B ), a line from the Salk collection (Alonso et al., 2003) with an activating T-DNA at the 39 end of the TAC1 coding region (Ren et al., 2004) . Expression of TAC1 from the CaMV 35S promoter in rice results in increased expression of a BT2 homolog ( Figure 2C ), again indicating that TAC1 function is broadly conserved in angiosperms.
BT2 belongs to a five-gene family initially characterized by Du and Poovaiah (2004) , who used yeast two-hybrid screens to identify calmodulin-interacting proteins. They designated one such protein At BT1. The Arabidopsis genome encodes four additional proteins, including BT2 (designated At BT2 by Du and Poovaiah, 2004) , with an identical domain structure: an N-terminal BTB protein interaction domain (Zollman et al., 1994) , a central TAZ protein interaction domain (Kanai et al., 2000) , and a C-terminal calcium-dependent calmodulin binding domain (Du and Poovaiah, 2004) . BT1 is the closest homolog of BT2 (75% identity, 87% similarity at the amino acid level), but expression of BT1 is not affected by TAC1 (data not shown). Although previous analysis indicated that BT2 has slightly higher levels of expression in leaves than in other organs examined (Du and Poovaiah, 2004) , we found relatively little expression in most wild-type organs ( Figure 2A ).
Expression of BT2 Is Sufficient to Induce Telomerase Activity
If BT2 participates in the pathway leading from TAC1 to telomerase expression, then overexpression of BT2 alone may be sufficient to activate telomerase in mature leaves. As a rapid test of this hypothesis, we examined telomerase activity in SALK_ 148088, a line containing a T-DNA insertion near the 39 end of BT2. We previously noted that a T-DNA insertion in the 39 end of TAC1 increased its expression (Ren et al., 2004) , possibly through the enhancer associated with the CaMV 35S promoter in the pROK2 vector used in the Salk lines (Alonso et al., 2003) . As was the case with TAC1, the T-DNA inserted 39 of BT2 increased the expression of this gene ( Figure 2B ), and robust telomerase activity was detected in mature rosette leaves ( Figure 3A ). Conversely, a T-DNA insertion into the coding region of BT2 (SALK_ 002306) blocked the ability of TAC1 to induce telomerase ( Figure  3A ) or ATTERT message ( Figure 3D ) in mature leaves. For an independent examination of BT2 overexpression, we transformed plants with a 35S:BT2 construct. These transformants also exhibited telomerase activity in their rosette leaves, cauline leaves, and inflorescence stems ( Figure 3B ). We did not examine flowers in 35S:BT2 because flowers from wild-type plants have abundant telomerase activity. Overexpression of BT2 does not induce TAC1 expression ( Figure 3E ), thereby excluding the possibility that BT2 and TAC1 mutually activate each other. Together, these results indicate that BT2 is an essential component of the TAC1-telomerase pathway.
Effect of Ca 21 on TAC1-Mediated Induction of Telomerase
Expression of iaaL, a bacterial enzyme that conjugates free IAA to Lys (Romano et al., 1991) , blocks the ability of TAC1 to induce telomerase in leaves of the tac1-1D iaaL double mutant, indicating that wild-type levels of auxin are required in the TAC1-telomerase pathway (Ren et al., 2004) . The C-terminal, calcium-dependent, calmodulin binding domain of BT2 (Du and Poovaiah, 2004) suggested that calcium signaling also may be involved in the TAC1-telomerase pathway. Consistent with this prediction, exposure of mature leaves from tac1-1D iaaL plants to exogenous Ca 2þ and the calcium ionophore A23187 bypassed the requirement for wildtype levels of auxin and restored telomerase induction in the double mutant ( Figure 3C ). The ionophore does not induce telomerase in wild-type plants or in the tac1-1D SALK_002306 double mutant, indicating that calcium does not affect telomerase activity independently of the TAC1-BT2 pathway ( Figure 3C ). (A) RNA gel blot from Arabidopsis rosette leaves (RL), cauline leaves (CL), inflorescence stems (ST), roots (RT), and flowers (FL) from wild-type Columbia plants and tac1-1D mutants (Ren et al., 2004) probed with BT2 cDNA. tac1-1D is an activation-tagged line from the Weigel collection (Weigel et al., 2000) . (B) Analysis of BT2 mRNA in rosette leaves from various genetic backgrounds. tac1-2D is a Salk T-DNA insertion line that also overexpresses TAC1 (Ren et al., 2004) , SALK_148088 contains an activating T-DNA insertion near the 39 end of BT2, and 35S:BT2 is a constitutively expressing transgenic line in the Columbia background. (C) RNA gel blot of rice leaves probed with the closest rice homolog of BT2, designated Os BT2. The first lane contains RNA from leaves of the wild-type cv Taipei 309. The last two lanes contain RNA from leaves of two independently transformed plants. Ethidium bromide-stained rRNA was used as a loading control.
TAC1 Interacts with the BT2 Promoter Sequence
TAC1 could increase BT2 expression either directly by binding to the BT2 promoter or indirectly by affecting the expression of another regulatory factor that ultimately increases BT2 expression. One hint that TAC1 may interact directly with the BT2 promoter is the presence of a sequence similar to the binding site of other plant zinc-finger transcription factors. The C 2 H 2 zinc-finger protein EPF2-5 from petunia (Petunia hybrida) binds directly to the sequence GACAGTGTCAC in the promoter of the gene encoding 5-enolpyruvylshikimate-3-phosphate synthase (Takatsuji and Matsumoto, 1996) . The Arabidopsis C 2 H 2 zinc finger protein SUPERMAN binds to the same sequence in vitro (Dathan et al., 2002) . Both SUPERMAN and EPF2-5 require the central AGT trinucleotide (underlined above) for binding. The BT2 promoter contains a site at -1023 bp relative to the initiation codon where 10 of the 11 nucleotides in the EPF2-5 binding site are conserved (GACAGTGTTAC), including the central AGT. To examine the possibility that the BT2 promoter could be a direct target of the TAC1 transcription factor, we performed a gel mobility-shift analysis with recombinant TAC1 protein and oligonucleotides containing wild-type and mutated versions of this sequence ( Figure  4A ). TAC1 specifically bound to wild-type oligonucleotides ( Figure  4B ). Substitution of the AGT core sequence with GAC dramatically reduced TAC1 binding, whereas substitution of three nucleotides on either side of the AGT core did not affect TAC1 binding. As an independent examination of potential interaction between TAC1 and the BT2 promoter, we performed yeast one-hybrid assays. These assays confirmed the interaction, and the strength of the interaction depended on the number of binding sites upstream of the lacZ reporter gene ( Figure 4C ).
Auxin and BT2
Because TAC1 potentiates several responses to auxin, including inhibition of primary root growth, exacerbation of the high-auxin phenotype of the yucca mutant, and induction of telomerase (Ren et al., 2004) , and because BT2 is required for this induction (Figure 3) , we analyzed the interaction between auxin and BT2. Elongation of primary roots was less sensitive to inhibition by 2,4-D in two independent BT2 T-DNA disruption lines ( Figure 5A ). Extracts from wild-type flower (FL) and leaf (LF) were used as positive and negative controls, respectively. (A) Effect of BT2 expression on telomerase activity in mature rosette leaves. tac1-1D is an activation-tagged line from the Weigel collection (Weigel et al., 2000) with telomerase activity in its leaves. SALK_148088 contains an activating T-DNA insertion near the 39 end of BT2. 35S:BT2 is a constitutively expressing transgenic line. Both BT2-overexpressing lines possess telomerase activity in their leaves. The line designated bt2-1 is the SALK_002306 line, which contains an inactivating T-DNA in BT2 and blocks the ability of TAC1 to activate telomerase in the tac1-1D bt2-1 double mutant. (B) Effect of BT2 on telomerase expression in other vegetative organs (RL, rosette leaves; CL, cauline leaves; ST, inflorescence stem). (C) Effect of calcium ionophore treatment on telomerase induction. Mature leaves were harvested and floated on Murashige and Skoog (MS) medium with (þ) or without (À) 10 mM of the Ca 2þ ionophore A23187 for 23 h. Nuclei were then isolated and assayed for telomerase activity. (D) Effect of BT2 on ATTERT expression. RNAs were isolated from mature leaves except for the positive control, which was from flowers, and analyzed by RT-PCR using primers described previously for ATTERT (Ren et al., 2004) . The line designated bt2-1 is the T-DNA disruption line SALK_002306.
(E) Effect of BT2 on TAC1 message. RNA was isolated from mature leaves and analyzed by RT-PCR using primers described previously for TAC1 (Ren et al., 2004) .
These responses parallel those of the TAC1-null mutant ( Figure  5A ) (Ren et al., 2004) . Furthermore, constitutive expression of BT2 exacerbates the high-auxin phenotype of the yucca mutant ( Figure 5B ), just as TAC1 does (Ren et al., 2004) , consistent with the idea that TAC1's ability to potentiate responses to auxin is also mediated by BT2.
To determine whether BT2 expression was affected by auxin, we excised leaves from wild-type plants, treated them with 10 mM IAA for 1 h, and examined mRNA levels for all five members of the BT family on RNA gel blots. This brief IAA treatment had no effect on mRNA levels for four of the five BT genes. However, mRNA for BT2 rapidly and specifically decreased upon exposure to exogenous IAA ( Figure 5C ). Despite this dramatic decrease in BT2 mRNA, transcript for ATTERT was rapidly induced in leaves treated with IAA ( Figure 5D ).
DISCUSSION
We previously described TAC1 as a member of the SUPERMAN-LIKE family of zinc-finger transcription factors whose overexpression leads to increased concentrations of ATTERT mRNA and the induction of telomerase activity in mature leaves of Arabidopsis (Ren et al., 2004) . Mutants carrying a T-DNA disruption of TAC1 had no apparent defect in telomere biology. This lack of a telomere phenotype could be attributable to redundant function supplied by another of the 29 SUPERMAN-LIKE genes or a parallel pathway for telomerase regulation. It was also possible that induction of telomerase activity in leaves was a nonphysiological response to ectopic expression of the TAC1 transcription factor. However, constitutive expression of TAC1 also induces telomerase activity in leaves of transgenic tomato and rice plants (Figure 1 ). Conservation of a link between this transcription factor and telomerase over the 150 million years since the divergence of monocots and dicots (Chaw et al., 2004) suggests not only that this link has a physiological role but also that there is strong selective pressure to maintain it.
The fact that TAC1 apparently does not interact with the ATTERT promoter led us to use microarrays to compare transcript profiles between the wild type and the tac1-1D activation-tagged line. Initial analysis revealed that BT2 was one of the most highly induced genes in tac1-1D. The increase in BT2 message was confirmed by RNA gel blots (Figure 2 ). TAC1 interacts with the BT2 promoter in gel-shift and one-hybrid assays (Figure 4 ) at a site similar to that recognized by other members of the SUPERMAN-LIKE family, including the petunia protein EPF2-5 (Takatsuji and Matsumoto, 1996) and SUPERMAN itself (Dathan et al., 2002) . The BT2 promoter, therefore, may be a direct target of TAC1, although we have not yet confirmed this in vivo. Regardless of whether BT2 is a direct or indirect target of TAC1, null mutations in BT2 block the ability of TAC1 to induce telomerase, demonstrating that it (A) Sequences of oligonucleotides used for mobility-shift assays. An 11-nucleotide region from the BT2 promoter that shared 10 nucleotides with a binding site for another plant zinc-finger protein (see text) is shown in uppercase letters. Three arbitrary nucleotides flanking this sequence are shown in lowercase letters. Wild-type sequence for one strand is shown on the top. Oligonucleotides m1, m2, and m3 carry mutations at the underlined positions. (B) Mobility-shift assays with the TAC1 protein and BT2 oligonucleotides. Radiolabeled wild-type oligonucleotide alone is designated Free Probe. TAC1 binds to this oligonucleotide, resulting in a slower mobility (TAC1). Cold wild-type oligonucleotide at 50-fold excess effectively competes for TAC1 binding to the labeled probe (lane wt). Mutation of the central AGT triplet eliminates this competition (lane m1). Oligonucleotides with mutations at three nucleotides on either side of the AGT core compete as effectively as the wild-type sequence (lanes m2 and m3).
(C) Interaction between TAC1 and the BT2 promoter sequence in yeast one-hybrid assays. Zero, one, three, or five copies of the wild-type oligonucleotide shown in (A) were cloned upstream of the lacZ gene in the pYC7 plasmid and transformed into yeast expressing TAC1. lacZ activity, judged by staining with X-Gal, correlates with the number of putative binding sites. encodes a necessary component of the pathway downstream of TAC1. Induction of a BT2 homolog in transgenic 35S:TAC1 rice plants (Figure 2) further indicates that the TAC1-telomerase pathway is conserved in angiosperms.
Overexpression of TAC1 potentiates several responses to auxin, including increased sensitivity of primary root growth to inhibition by synthetic auxins, exacerbation of the high-auxin phenotype of yucca mutants, growth in culture without exogenous auxin, and induction of telomerase in mature organs (Ren et al., 2004) . As mentioned previously, some auxin responses involve increased calcium concentrations in the cytosol and other calcium-signaling components (Benjamins et al., 2003; Cheng et al., 2003; Shishova and Lindberg, 2004) . The presence of a calmodulin binding domain in BT2 could account for the requirement of both TAC1 and wild-type levels of IAA for the induction of telomerase: TAC1 is required for the increased transcription of BT2, and IAA is required to maintain cytosolic Ca 2þ at a concentration sufficient for calmodulin to bind and regulate BT2. This hypothesis was supported by the finding that TAC1's requirement for wild-type levels of IAA could be bypassed with exposure of tac1-1D iaaL leaves to exogenous Ca 2þ and the ionophore A23187 (Figure 3) . mRNA for BT2, but not for the other four members of this family, is rapidly and specifically depleted upon brief exposure to auxin ( Figure 5C ), possibly as a way to attenuate signaling through the TAC1-BT2 pathway. Many signal transduction systems rapidly inactivate themselves through negative feedback loops as a way to produce transient responses and prevent runaway signaling. Classic examples of negative feedback in animal cells include pathways regulated by JAK-STAT (Alexander and Hilton, 2004; Ridderstrale, 2005) and p53 (Harris and Levine, 2005) . Signaling pathways in plants are also regulated by negative feedback loops. In Arabidopsis, ABI1 and ABI2 protein phosphatases are induced by abscisic acid and function to repress abscisic acid signaling (Merlot et al., 2001) . Two major classes of auxin-induced genes encode proteins that attenuate auxin signaling: Aux/IAA proteins, which act to repress ARF transcription factors (Ulmasov et al., 1997; Tiwari et al., 2001) , and GH3-like proteins, which conjugate free IAA to amino acids (Staswick et al., 2002 (Staswick et al., , 2005 . Similarly, BT2 appears to be a target of a negative feedback loop that limits auxin-mediated signaling through this pathway.
BT2 belongs to a five-gene family initially identified by Du and Poovaiah (2004) in a yeast two-hybrid screen for proteins that (A) Sensitivity of primary root elongation to exogenous auxin. Roots from a TAC1-null line (tac1-3; Ren et al., 2004) and two independent T-DNA disruption lines of BT2 (bt2-1 ¼ SALK_002306 and bt2-2 ¼ SALK_088241) were more resistant to inhibition by higher concentrations of exogenous IAA than roots of wild-type plants. Bars indicate average primary root length from 10 plants. Asterisks indicate significant differences (a ¼ 0.01). Error bars indicate SD.
(B) Overexpression of BT2 exacerbates the high-auxin phenotype in the 35S:BT2 yucca double mutant. (C) Effect of exogenous auxin on mRNA from the BT family. Wild-type leaves were floated on MS medium with (þ) or without (À) 10 mM IAA for 1 h. Total RNA was isolated, resolved by electrophoresis, blotted to nylon membranes, and probed with radiolabeled PCR fragments from each of the five BT family members. The mRNA for the glyceraldehyde phosphate dehydrogenase gene (GAPDH) was used as a loading control. Brief treatment with IAA specifically and dramatically reduces the concentration of BT2 mRNA. (D) Effect of IAA on ATTERT and TAC1 mRNA. Leaves were treated and RNA was isolated as described for (C). mRNA for ATTERT and TAC1 was analyzed by RT-PCR using primers described previously (Ren et al., 2004) . interact with calmodulin. Each of the five BT proteins encoded in the genome have an N-terminal BTB domain, a central TAZ domain, and a C-terminal calcium-dependent calmodulin binding domain (Du and Poovaiah, 2004) . The BTB protein interaction domain, named for founding members of the class in Drosophila (Bric-a-brac, Tramtrack, and Broad complex) (Zollman et al., 1994) , has been found on proteins that interact with a variety of partners, including components of an E3 ubiquitin ligase complex (Pintard et al., 2003; Gingerich et al., 2005) , transcriptional regulators (Kinyamu et al., 2005) , and the basal transcriptional machinery (Pointud et al., 2001) . Only a few of the ;80 BTBcontaining proteins in Arabidopsis have been characterized, but several of these proteins appear to interact with cullin 3, in which they may assume functions analogous to those of both the F-box proteins and SKP-like proteins in typical cullin 1-based ubiquitin ligases such as SCF TIR1 (Pintard et al., 2004) . The Caenorhabditis elegans BTB protein Mel-26 binds to cullin 3 through its BTB domain and to a protein targeted for ubiquitination through a separate protein interaction domain (Pintard et al., 2003) . GST pulldown assays indicate that both BT1 and BT2 interact with cullin 3 in vitro (Figueroa et al., 2005) , although yeast two-hybrid analysis failed to detect this interaction with BT2 (Dieterle et al., 2005) . If BT2 participates in a ubiquitin ligase, it may direct ubiquitination and subsequent degradation of a telomerase repressor.
There is a second possible mechanism for BT2 function. When BT1, the closest homolog of BT2, was used as bait in a yeast twohybrid screen of a cDNA library, it bound to two bromodomain proteins, GTE9 and GTE11, but apparently not to cullin 3 (Du and Poovaiah, 2004) . GST pull-down experiments and a second round of yeast two-hybrid analysis using only BT1 and GTE11 confirmed the interaction. In this second round of two-hybrid assays, BT2 interacted as strongly as BT1 with GTE11. Analysis of deletion mutants of BT1 showed that the first 192 amino acids, including the BTB domain (residues 26 to 128), but not the TAZ or calmodulin binding domains, were required to bind GTE11 (Du and Poovaiah, 2004) . Bromodomain transcription regulators such as GTE11 interact with other proteins through acetylated Lys residues and may affect chromatin structure by binding to acetylated histones (Zeng and Zhou, 2002) . If BT2 interacts with bromodomain proteins in vivo, this interaction may alter their ability to bind chromatin and control the expression of other telomerase regulators or telomerase genes. The potential roles for BT2 as a component of a ubiquitin ligase and as a modifier of transcriptional regulators are not necessarily mutually exclusive, as ubiquitination of these regulators (Sun and Chen, 2004) and even histones (Kim et al., 2005) can stimulate transcription. Characterization of proteins that interact with BT2 in vivo should help resolve the mechanism by which it induces telomerase activity.
METHODS

RNA Isolation and Analysis
Total RNA was isolated from leaves of 3-week-old Arabidopsis thaliana and rice (Oryza sativa) wild-type plants and 35S:TAC1 transformants at flowering stage using Tri Reagent according to the manufacturer's instructions (Sigma-Aldrich). To determine the effect of auxin on BT2 mRNA levels, leaves were treated with IAA before RNA isolation as described previously (Ren et al., 2004) .
For initial microarray analyses, 15 mg of total RNA from tac1-1D and wild-type plants was labeled and used to probe first-generation Arabidopsis microarrays according to the manufacturer's instructions (Affymetrix). Data were analyzed with the Affymetrix Microarray Suite 5.0 software package. Microarray analysis was later repeated through a commercial service (Asuragen) with full-genome Affymetrix chips. Data from the full-genome analysis are available through the Gene Expression Omnibus database (accession number GSE5896).
For RNA gel blots, unless specified otherwise, 15 mg of total RNA from each sample was separated on 1.2% formaldehyde denaturing gels and transferred to Hybond N þ membranes (Amersham). Blots were probed with 32 P-labled PCR products from individual BT genes with the following primers: for BT1, 59-GCAATATAAGAATAGAGGTGAAAAG-39 and 59-CAAAAACCCTAATACCATTTTATAACC-39; for BT2, 59-ACATG-GTCACCCAGCTGAAG-39 and 59-CAGACACAACCCTTGTCACC-39; for BT3, 59-TCATCGAATCCGACAGTAGG-39 and 59-ACGAATCACGACTC-GGCATG-39; for BT4, 59-ATCAGAGGATATATTCGCAGC-39 and 59-CTT-GGCCGACCAAAATATGTG-39; and for BT5, 59-ACAGCTCTATGAAG-CAATGG-39 and 59-GGCCAAAGATTGGATCTTAGG-39.
The rice RNA gel blot was probed with 32 P-labeled PCR product of the most closely related rice BT2 homolog, represented by two alternatively spliced cDNAs and designated in Figure 2C as Os BT2. Primers used to amplify this gene from rice genomic DNA were 59-AGGCAAGAGA-GAGCAAGAAGG-39 and 59-TCCACTTGGCCTCCTCCTTTC-39. Ethidium bromide-stained rRNA was used as a loading control.
Plasmid Construction, Plant Transformation, and Growth Conditions
Full-length BT2 coding sequence was cloned behind the CaMV 35S promoter in pBI101, and the construct was transformed first into Agrobacterium tumefaciens GV3101 and then into Arabidopsis by the floral dip method (Clough and Bent, 1998) .
Tomato (Solanum lycopersicum) plants were transformed with Agrobacterium containing binary vector with the 35S:TAC1 construct using the method described by Park et al. (2003) and grown in a greenhouse with natural lighting.
Mature seeds of rice (cv Taipei 309) were used for the production of embryogenic callus cultures on N6-2D medium (N6 medium [Chu et al., 1975; Chu, 1978] , 0.5 g/L casamino acids, 3% sucrose, 2 mg/L 2,4-D, and 0.2% phytagel, pH 5.8).
Two-to 3-mm pieces of callus from 6-to 8-week-old embryogenic cultures were transformed with preinduced (Sunilkumar and Rathore, 2001 ) Agrobacterium EHA105 harboring a binary vector with the 35S:TAC1 construct (Ren et al., 2004) . After cocultivation for 3 d, cultures were transferred to N6-2D medium containing 250 mg/L carbenicillin and 100 mg/L cefotaxime (N6CC) for 1 week. Transformed tissue was selected by two additional subcultures on N6CC medium supplemented with 50 mg/L hygromycin. Callus induction, maintenance, cocultivation, and selection were performed in the dark at 258C. After two rounds of 3-week-long selections on hygromycin, surviving callus cells were transferred to MSR medium (MS medium, 2% sucrose, 3% sorbitol, 0.1 mg/L naphthylacetic acid, 2.5 mg/L kinetin, and 0.2% phytagel, pH 5.8) and cultured under light for 4 weeks to induce regeneration. Regenerating shoots were selected and grown in jars on MSR medium supplemented with 50 mg/L Trp and 30 mg/L hygromycin. Plants with well-developed root systems were transferred to soil and grown to maturity in a greenhouse.
Telomerase Assays
Plants were analyzed for telomerase activity by the Telomere Repeat Amplification Protocol (TRAP) (Kim et al., 1994) , as modified by Fitzgerald et al. (1996) . For ionophore treatment experiments, before TRAP assay, mature rosette leaves were surface-sterilized and incubated with shaking at 125 rpm in 0.23 MS liquid medium containing 10 mM Ca 2þ with or without 10 mM ionophore A23178 (Sigma-Aldrich) for 23 h.
Auxin Effects
Root elongation assays were performed as described previously (Ren et al., 2004) , except that IAA, rather than 2,4-D, was used as the exogenous auxin. To examine the effects of auxin on gene expression, mature leaves from wild-type plants were harvested and floated on MS medium with or without 10 mM IAA for 1 h before isolating RNA. To examine the effect of BT2 expression on the high-auxin phenotype of yucca (Zhao et al., 2001) , we examined the F1 progeny of a 35S:BT2 3 yucca cross.
Production of Recombinant TAC1 and Gel-Shift Assays TAC1 cDNA was subcloned into the BamHI-SalI sites of pET28(a) to place six His codons at the 59 end of the coding region. Recombinant TAC1 was expressed in Escherichia coli BL21(DE3) by induction with 1 mM isopropylthio-b-galactoside overnight at 258C. Total proteins were extracted using BugBuster protein extraction reagent (Novagen) and dialyzed against 20 mM Tris, pH 8.0, for 3 h. Five micrograms of total protein was used for gel-shift analysis as described (Dathan et al., 2002) . The wild-type duplex oligonucleotide 59-ACGGACAGTGTTACACG-39 (-1040 to -1024 bp relative to the BT2 start codon) was radiolabeled and used as probe. The 50-fold excess cold wild-type duplex oligonucleotide or 50-fold excess mutated duplex oligonucleotides m1 (59-ACGGACGAC-GTTACACG-39), m2 (59-ACGTCAAGTGTTACACG-39), and m3 (59-ACG-GACAGTTGGACACG-39) were used as competitors.
Yeast One-Hybrid Assay
One, three, and five copies of the putative binding element from the BT2 promoter, described above, were cloned between the SmaI and XhoI sites of the pYC7 vector. The TAC1 coding region was fused with the GAL4 activation domain by inserting it between the BamHI and SalI sites of pGAD424.
Plasmids pGAD424-TAC1 and pYC7-BT2 (BDS) with various copies of the binding element were cotransformed into yeast strain Y4741 and selected on medium lacking uracil and Leu. As a negative control, pGAD424 and pYC7 vectors alone were also cotransformed. Colonies were grown for 3 d and assayed for b-galactosidase activity. Cells were lifted onto a nylon membrane, immersed in liquid nitrogen for 30 s, thawed at room temperature for several minutes, and placed on Whatman 3M paper prewetted with Z-buffer (60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 10 mM KCl, 1 mM MgSO 4 , and 50 mM b-mercaptoethanol) containing 0.34 mg/mL X-Gal.
Accession Numbers
The Arabidopsis Genome Initiative locus numbers for the genes analyzed in this article are as follows: TAC1, At3g09290; BT2, At3g48360; ATTERT, At5g16850; BT1, At5g63160; BT3, At1g05690; BT4, At5g67480; BT5, At4g37610; and GAPDH, At3g04120. The rice homolog of BT2, Os BT2, is represented by GenBank accessions AK071112 and AK061917, which are alternatively spliced cDNAs from genomic accession NT_079927. Data from full-genome microarray analyses comparing transcriptional profiles of tac1-1D-overexpressing lines with the wild type are available through the Gene Expression Omnibus database (accession GSE5896 
